ABSTRACT: Three kinds of mordenite were examined for the adsorptive separation and removal of trace amounts of 14C0 2 and moist NO, contained in the off-gasesof reprocessing plantsfor spentnuclearfuels.It wasfoundthat protonation of mordenite eliminated any possible removal of COl by specific adsorption but induced the dissociative adsorption of N0 2 with the formation of nitric acid-like adsorbed species and NO oxidation. Ff-IR spectroscopic results confirmed that the Bronsted acid sites existing on H-type mordenites exhibit no interaction with COl molecules but can catalyze the dissociative adsorption of NO l. Such properties. together with the lower adsorption temperature and the thermal stability of the adsorbent, suggest a promisingprocess involving H-type mordenites whereby NO, can be selectively captured and returned to the dissolving solution while trace amounts of 14CO l-containing carbon oxides pass through the system allowing their subsequent complete removal by entrapment in a solid matrix.
INTRODUCTION
In contrast to the global warming associated with the large amounts of CO 2 effluents generated by ordinary electric power stations, trace 1 4CO, produced by the reprocessing of spent nuclear fuels from nuclear power stations is radioactive and has a long-term persistent impact on the biosphere due to its long half-life of 5730 years (Light et al. 1991; Bush 1985) . It is possible to fix 14C0 2 as a solid form in a matrix of cement or asphalt subsequent to its capture and concentration by absorption or adsorption methods (Burger 1979) . To reduce the harmful effects of such material, the resulting solid blocks containing 14C need to have as reduced a volume as possible for land burial disposal. This means that the 14CO, for solidification should be a pure component free from contamination by other substances. However, large amounts of NO, are also produced in the reprocessing process through the evaporation of the dissolving solution (cone. HN0 3 ) , and the co-existing NO, either influences the capture of the trace 1 4C0 2 or increases the cost of 14C0 2 solidification by producing a solid salt mixture in the wet method employed. Since it is also a member of another principal group of pollutants, NO must be removed before the off-gas is discharged to the environment. Hence, a process is required to separate NO, and 14C02 and allow the co-existing NO, to be returned to the dissolving solution before fixation of the 14C02 is effected.
Various reports have been published on the capture and concentration of 14C02 by caustic/alkaline earth hydroxide scrubbers (Hagg 1981) , fluorocarbon adsorption (Little et al. 1983) , molecular *Aulhor to whom all correspondence should be addressed. Present address: Separation Engineering Laboratory, Department of Ocean Resource. Shikoku National Industrial Research Institute. 2217-14 Hayashi-cho, Takamatsu-shi, Kagawa 761-0395. Japan.
sieve adsorption (Kepak 1988 ) and other methods (Scheele and Burger 1982) , but these techniques either involve wet methods that are costly and difficult to operate or neglect the co-existence of NO,. The successful separation of NO, and 14C0 2 may be achieved by adsorption methods by taking advantage of the difference in polarity between the two molecules (Breck 1974; Suzuki 1990) . Since NO, is more polar than CO 2 , polar adsorbents such as zeolites may be employed to selectively adsorb NO, from a mixture of the two gases. Thus, an adsorption column containing zeolite can be used to preferentially remove NO whilst allowing the passage of CO,. The NO thereby removed may be subsequently returned tothe dissolving solution by desorption and hence be prevented from discharging to the atmosphere.
However, in order to effect the complete capture of 14C0 2 in the next stage of solidification, an adsorbent is required which possesses a high capacity towards NO, adsorption but only a small capacity towards the retention of 14COr In previous work, the authors have compared the adsorption separation properties of various kinds of synthetic zeolites towards NO, and CO, and have shown that H-type mordenite (HM) appeared to be a promising candidate bec-ause of its excellent separation properties, lower adsorption temperature and thermal resistance (Wang et al. 1998) . However, it is crucial to examine these properties under actual working conditions using an off-gas which contains large concentrations of moist NO, associated with an ambient concentration level of '4CO,-containing carbon oxides (-300 ppm). In the present work, the effect of the protonation of natural and synthetic mordenites on their ability to separate 1 4 C0 2, NO, (N0 2 and NO) and Hp contained in simulated real off-gases has been investigated.
EXPERIMENTAL

Materials
The protonated synthesized mordenite (designated HM) was prepared from an Na-type synthesized mordenite obtained from the Tosoh Corporation using the following ion-exchange procedure. Thus, the Na-type mordenite was subjected to NH; exchange by soaking for I week at 358 K in a 2 M aqueous solution of NH 4N03 ensuring that the contacting solution was decanted and freshly replenished each day. The resulting solid was removed by filtration, washed with distilled water and dried for I d at 393 K, followed by calcination in air at 823 K for 3 h. The ion-exchange ratio was confirmed as 100% by an Induced Coupled Plasma (ICP) method after dissolving HM in cone, HN0 3 for I d. A natural mordenite (designated as D) and a protonated form of 0 (designated as HD) were also used for comparative purposes. A typical analysis for 0 was: Na, 0.96 mmol/g; Ca, 0.39 mmol/g; Fe, 0.23 mmol/g; Mg + Ti, < 0.1 mmol/g. HD was obtained by the proton exchange of 0 using the same procedure as for the preparation of HM except that the exchange temperature employed was 373 K. The proton content of HD was found to be 90% of the total exchangable metal (Na + Ca) content.
The crystal structures of HM, 0 and HD were confinned by powder X-ray diffraction techniques (Rigaku, Geigerflex apparatus) as employed in our previous studies (Wang et al. 1997) . Both 0 and HD were found to contain small amounts of quartz besides exhibiting a typical pattern for mordenite. The micropore volumes of HM, 0 and HD were determined as being 0.175, 0.106 and 0.142 cmvg, respectively, as measured from nitrogen adsorption studies at 77 K.
Carbon dioxide adsorption and separation studies
The CO 2 adsorption isotherms for the various samples at equilibrium gas pressures as low as 13.2 Pa were measured using a volumetric method (Autosorp-I instrument, QuantaChrom Corp.) after initial evacuation of the samples at 1 mPa for 2 h at 773 K.
The breakthrough curves for CO 2 + N0 2 + Hpand CO 2 + NO + N0 2 + Hpgas mixtures were measured by means of an apparatus consisting of a gas pre-mixing unit, a quartz column (6 x 10-3 m i.d., filled with I cm' adsorbent of 500-800 urn particle size) and a PID-controlling electrical furnace. The CO, + NO, + Hp gas mixture was obtained by mixing commercial standard CO, and NO, gases of high purity grade with water vapour from a distilled water bubbler. Since NO is readily oxidized to form N0 2 in the presence of oxygen, the CO 2 + NO + N0 2 + Hpgas mixture was prepared by mixing commercial standard CO, + NO gases of high purity grade with water vapour in the presence of oxygen, As 14C02 and 12C02 have exactly the same chemical properties, a standard 12CO, gas source (abbreviated to CO, hereafter) was employed. The inlet composition concentrations of the various components in the CO 2 + N0 2 + Hpgas mixture were: CO 2, 0.03 vol%; N0 2
• 0,25 vol%; and Hp, 0,5 vol%, while those in the CO 2 + NO + N0 2 + Hpgas mixture were: CO 2 , 0.03 vol%; NO, 0.20 vol%; N0 2, 0.05 vol%; and Hp, 0.5 vol%. The gas mixtures were balanced by purified dry air with a dew point below 203 K. The total flow rate of each gas mixture was maintained at 113 cmvmin and the equivalent 0z content in each gas mixture was 14 vol%.
The gas mixtures were stabilized for 2-3 h before being fed into the quartz column filled with adsorbent which had been preheated at 773 K for 2 h in dry air.
The components in the various gas mixtures were analyzed by means of a Q-MASS instrument having a pre-pumping unit attached to ensure analytical stability. The concentration changes of CO" NO (= NO, + NO), NO, and Hp were monitored by means of the signal changes in the mass to charge' (m/e) ratios of 44,30,46 a-nd 18, respectively. The NO concentration change in the COz + NO + NO, + Hp gas mixture was determined from the difference in the concentration changes of NO and NO, after substracting the background contribution to the rn/e =30 signal due to the
Ff-IR spectroscopic measurements FT-IR measurements were carried out using a Shimadzu 8100 apparatus equipped with a quartz cell connected to a vacuum line which allowed pre-evacuation of the sample and gas introduction without exposure to the atmosphere, Prior to measurement, the sample was pressed at 300 kPa to form a thin wafer of 2 x 10-2 m diameter which was placed in a self-supporting position in a quartz holder fixed in the quartz cell by means of a nichrome wire. After evacuation at I mPa for 2 h at 773 K in the upper part of the quartz cell, the sample holder was shifted to a position behind the NaCI window in the lower half of the cell by manipulating the nichrome wire. The background and surface spectra were collected by means of 32 scans conducted at a resolution of 2 crrr ' before and after the successive introduction and evacuation of CO 2 and NO z .
RESULTS AND DISCUSSION
Adsorption of CO 2 on the mordenites studies Figure I depicts the CO, adsorption isotherms on D, HD and HM obtained at 303 K up to Pco = 86 kPa (Pco/Pg'Q, =0.0029). All three isotherms depicted are of type I (Sing et al. 1985; Gregg ind Sing 1982; "Kaneko 1987) which is characteristic of microporous materials. However, the initial slope of the isotherm differs from D to HM; whereas D exhibits an initial sharp increase in CO 2 adsorption over a low relative pressure range, the increase in COz adsorption on HM and HD is 
-c:: • D-ad .... more gradual but extends to values beyond that attained on 0 at higher relative pressures.
Because of the high saturation vapour pressure of CO 2 [~o =29.062 mPa at 303 K (Dean 1985) ], the CO 2 adsorption isotherms depicted in the figure co~espond to the induced filling of micropores of molecular dimensions in the zeolites concerned. For this reason, the DubininRadushkevich (DR) equation was applied to these isotherms in the following form (Dubinin 1960; Remy and Poncelet 1995) : (I) where Wand W O are the CO, adsorption and the CO, saturation adsorption, respectively, P and P" are the CO 2 gas pressure anlC0 2 saturation vapour pressure, respectively,~Eo is the characteristic adsorption energy, T is the adsorption temperature and R is the ideal gas constant. Figure 2 shows the DR plots for the CO, adsorption isotherms on 0, HD and HM, all of which exhibit good linearity at P > 1 kPa [ .s pores at a sublimation point of 194.5 K (Dean 1985) , it is possible to calculate the saturation pore filling of CO 2 , i.e. Vgo,N~l as listed in Table I . It will be seen from the data recorded that the same value of VgO~~2 (= 0.92-0.93) was obtained for all three samples studied. Hence, it follows that while CO 2 adsorption in the low-pressure range may bedominated by the ability of the molecule to interact with the zeolite surface, micropore filling by CO 2 at higher equilibrium pressure is independent of the polarity of the zeolite surface.
z.u. Wang et al./Ad.mrption Science & Technology Vol. 17 No.4 1999 2.5 . To compare the extent of CO 2 adsorption at ambient atmospheric concentration level (ca. 0.03 kPa), which may be assumed to be significantly influenced by the type of zeolite involved, the isotherms at P eo, < 0.1 kPa were measured and are depicted in Figure 3 . These show that over this pressure range the CO 2 adsorption isotherm on HM was of the Henry type while those on the other zeolites studied remained of type I. The data listed in Table I indicate that for CO, adsorption at P co, =0.03 kPa, W~02 exhibits the same sequence as that observed for~Eo obtained from the DR plofs depicted in Figure 2 . Thus, the level of CO 2 adsorption can be satisfactorily reduced to the least amount by a sufficient degree of protonation of the mordenite employed. Hence, the separation of trace amounts of CO 2 from moist NO, should depend on the adsorptive behaviour of NO, and Hp on H-type mordenites.
Separation behaviour of CO 2
, NO, and Up on the mordenites studied Figure 4 depicts the breakthrough curves of a gas mixture prepared from CO 2 ' N0 2 and Hpon 0, HD and HM, respectively. The breakthrough values observed on all three mordenites follow the sequence CO, > NO, > Hp, thereby demonstrating that the molecule/solid interaction strength is an important-factor in such separation. Overshoot flow-through areas, where the concentration levels are greater than those at the entry point into the system, were observed for CO, on 0 and HD and for NO z on all three samples. This indicates that, in the cases concerned, pre-adsorbed CO 2 and N0 2 molecules at the front of the adsorption columns were gradually replaced by N0 2 and Hp molecules towards the back of the respective columns. Figure 4 shows that the apparent CO 2 adsorbed area (the area bounded by the CO, breakthrough curve, the line parallel to the inlet CO, concentration pressure and the abscissa and ordinate axes, respectively) was almost equal to the CO 2 overshoot area (the area bounded by the CO 2 breakthrough curve and the line parallel to the inlet CO 2 concentration pressure) on D and HD, indicating that it was possible to almost completely replace the CO 2 molecules by N0 2 molecules. However, since the overshoot area for N0 2 (which has a similar definition to that given above for CO 2 ) was less than its corresponding adsorbed area (as defined for CO, above) on all three zeolites, a proportion of strongly adsorbed NO, molecules must remain on all three columns even after complete passage of Hp molecules through the system. Zeolite D exhibited much greater capacity for CO 2 adsorption than HD or HM, although the virtually simultaneous breakthrough of CO 2 and N0 2 on this zeolite made it impossible to separate CO 2 from N0 2 and Hp via a one-step adsorption process. However, as the degree of protonation of the zeolites was increased, the amounts of CO 2 adsorbed decreased while those of N0 2 and Hp increased. Thus, HM exhibited nearly zero adsorption towards CO 2 but the maximum extent of adsorption towards N0 2 and Hp of all the zeolites studied, suggesting that HM should be an appropriate adsorbent for the adsorption separation of CO 2 from N0 2 and Hp. Figure 5 depicts the breakthrough curves for a CO 2 + NO + N0 2 + Hp gas mixture (prepared from CO 2, NO and Hp sources in the presence of 14 vol% 02) on HM, where the ordinate has been expressed in terms of CIC o ' i.e. the gas concentration at the outlet divided by that at the inlet, thereby allowing a greater insight into the breakthrough properties of the various components in the mixture. It will be seen from Figure 5 that the direct breakthrough properties of CO 2 and the relative breakthrough sequence of CO 2 > NO. > Hp were the same as those observed for a CO 2 + N0 2 + Hp mixture as depicted in Figure 4 , although the breakthrough behaviour of NO. was quite complex. Firstly, N0 2 or NO. passed through the adsorption column faster than for the case of a CO 2 + N0 2 + Hp mixture. Secondly, the overshoot area for N0 2 (that bounded by the N0 2 breakthrough curve and the CIC o ordinate) was much greater than the apparent adsorption area for this gas (that bounded by the N0 2 breakthrough curve, the CIC o =1 line and the abscissa and ordinate axes), indicating that oxidation of NO occurred at the HM surface. When the oxygen in the gas stream was cut off through replacing air by helium as the carrier gas, it was found that NO passed through the column at an even faster rate than CO 2 , This suggests that in the absence of 02 only weak interaction occurs between the zeolite surface and NO molecules, but that in the presence of 02 adsorption of NO occurs as its oxidized form (N0 2) because of the catalytic oxidatre capabilities of HM. Hence, provided that sufficient 02 is present in the system, HM can also be used as a separation adsorbent capable of removing NO, N0 2 and Hp from the gas stream whilst allowing the ready passage of trace amounts of CO,. Table 2 lists the values of the apparent -adsorption, W a , the overshoot adsorption, W",., and the dynamic equilibrium adsorption, W dy ' as calculated respectively from the adsorption and overshoot areas defined as above and from the subtraction ofW ov from W. It will be seen that although D and HD exhibited greater W values for CO 2 , their W d values for this gas were almost zero, indicating a Y complete replacement of pre-adsorbed CO 2 by following amounts of N0 2 in the gas stream. In view of the large co-adsorption areas of N0 2 and CO 2 at the point where breakthrough of NO. commenced, it follows that D and HD were less effective as adsorbents relative to the behaviour of HM. The latter zeolite was also superior to the other two samples studied in terms of its greater W a value for NO., i.e. it exhibited a greater timelag before NO. breakthrough commenced. This was also true when the source of NO. was NO (in the presence of 14 vol% 02)' With increasing protonation, the overshoot NO. ratio (= W,,/W,) increased as the extent of Hf) adsorption increased.
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Thus, for a CO 2 + NO + N0 2 + Hp gas mixture where the NO was used as the source of NO., an appreciable proportion (W,JW a =91%) of the initially adsorbed NO, was overshot as N0 2 whereas the adsorption of Hp correspondingly decreased. Changes in the NO z and Up adsorption sites with mordenite protonation It was observed in every breakthrough experiment that purging the column with purified air after the complete breakthrough of Hp led to only a small reduction in the outflow of physisorbed water, thereby indicating that the NO, retained in the column was either adsorbed via strong interaction with the zeolite surface or interacted with co-adsorbed water to form a more complex compound. In order to identify the adsorption species involved for both N0 2 and Hp, temperature programmed desorption (TPD) studies of these species were effected from an adsorption column previously purged with purified air. The corresponding TPD curves for D, HD and HM after CO 2 + N0 2 + Hpbreakthrough and for HM after CO 2 + NO + N0 2 + Hpbreakthrough are depicted in Figure 6 . None of the curves depicted exhibits obvious signals for CO 2 desorption, whereas two kinds of NO, and H,o adsorption sites were detectable for D after CO, + NO, + H,o breakthrough.
The positions of the-desorption peaks of higher energy for N0 2 and Hl) appear to be equivalent for D, indicating that N0 2 and Hpprobably interact at this site to form a more stable compound which is most likely to be a nitric acid-like species (Fumoto et at. 1986) . With HD and HM after CO, + N0 2 + Hp breakthrough, only the higher energy N0 2 desorption peaks due to the nitric acid-like species remain.
As the height of the higher energy peak for water desorption increased, it would be expected that the water derived from the formation of the nitric acid-like species would form a greater percentage of the total water desorbed from HD and HM. On the other hand, it should be noted that after CO 2 + NO + N0 2 + Hp breakthrough, water desorption on HM corresponded to a single, broad peak and that, in agreement with the discussion above relating to the data in Table 2 , only a very small N0 2 desorption peak was observed on the higher energy side. These results indicate that the co-existence of adsorbed N0 2 and adsorbed Hpmust be quite limited because of the occurrence of NO oxidation on the HM surface. The corresponding NO, and Hp desorption peaks on D, HD and HM are listed as site 1 (*-1), site 2 (*-2) and site 3 (*-3) in Table 3 where their desorption peak temperatures are also listed. It is apparent from the data given in Table 3 that protonation not only led to the disappearance of NO, site I but also gave a lower desorption temperature for the NO, + H,o species from site 2. As a result, HM should still exhibit superior adsorption properties relative to-the less protonated samples as far as actual off-gas components are concerned because of the lower desorption temperatures involved in this case. Role of Briinsted acid sites on 8M for the separation of N0 2 and trace amounts of CO 2 It has been established that in the vicinity of metal cation sites, which neutralize the negative skelatal structure of a zeolite, the formation of excess surface electrical fields which are capable of inducing the adsorption of polar molecules occurs on the interior of zeolitic cavities (Barrer 1978; Christner et al. 1968; Bordiga et at. 1995) . Since the COz molecule has a considerable quadrupole moment, the low-pressure adsorption of COz can be induced on mordenites through a second-order adsorbate/solid interaction directly associated with the quadrupole moment and the electric field gradient (Masuda et at. 1980) . Any enhancement in the specific adsorption of CO, should depend on the intensity of the surface excess electrical field. Because the H+ ion has the smallest ionic radius of all cations, the H+ ions in mordenite may be effectively shielded by the surrounding negative zeolitic skeleton resulting in the excess electrical field approaching a value of near-zero intensity. This effect may give rise to a corresponding disappearance in specific COz adsorption. On the other hand, HM is well known to be a solid acid catalyst capable of accelerating various kinds of catalytic reactions (Bankos et al. 1989; Aasuquo et at. 1995) , which suggests that the Bronsted acidity of HM may be involved in NO, adsorption. Hence, to elucidate the role of the proton on HM in the adsorption/separation of CO, and NO" FT-IR spectroscopy has been employed to examine the nature of their adsorbed species on HM. - Figure 7 shows the changes in the FT-IR spectra observed after adsorption and desorption of COz and N0 2 on HM. After evacuating the mordenite at 773 K, the resulting spectrum [ Figure 7 (a)] exhibited a sharp band at 3509 em:' and a smaller, broader band at 3743 em:' which may be ascribed, respectively, to the -OH stretch mode arising from the Bronsted acid site and the -OH stretch mode associated with isolated hydroxy groups (Tsutsumi and Nishiyama 1989; Eder et at. 1997) . Upon COz adsorption, a band appeared at 2349 cm' in the spectrum due to the anti-stretching mode of physisorbed COz molecules. Previous workers (Ward and Habgood 1966; Jacobs et al. 1973 ) have shown-that the peak position shift of this mode for CO, molecules adsorbed on to zeolites relative to the position in the gas-phase spectrum bears a strong relationship to the intensity of the active sites on the surface. If (as in the spectrum depicted) the position of the band is the same (2349 em") as in the gaseous phase, this suggests the existence of a Henry-type CO, isotherm which implies no specific adsorption. Under these circumstances, the adsorbed COz molecules can be readily removed by evacuation at the same temperature. This is confirmed by the spectra obtained afterthe adsorption and desorption of Cf), [Figure 7(b) and (c)] where no change occurred in the intensity of the band observed at 3509 em:' in the spectrum, indicating that Bronsted acid sites were not involved in the COz adsorption process.
When NO, was successively introduced into the system after the desorption of CO" the resulting spectrum- [Figure 7(d)] showed the disappearance of the 3509 em:' band and the appearance of a pair of bands at 2211 cm' and 1636 em:'. respectively. This band pair may be ascribed to NO+ (2211 em:') and NO) (1636 em:') species, respectively, due to the dissociative adsorption of the NO, dimer (Shimokawabe et al. 1998; Ingemar Odenbrand et al. 1989) . The spectrum also exhibited a band at 1981 em:' which may possibly be ascribed to a physisorbed NO, species since it was readily removed on evacuation [Figure 7(e) ]. Upon subsequent evacuation of the system at elevated temperature (523 K), the 3509 em:' band again appeared at the same time as the intensity of the band pair associated with NO, gradually diminished. The spectrum depicted in Figure 7 (f) shows that the intensity of the band at 3509 em:' was completely restored after the complete desorption of NO z was effected by evacuation of the system at 523 K.
Thus, the FT-IR spectroscopic results clearly demonstrate the role of Bronsted acid sites in the adsorption/separation of COz and NO z' i.e. the elimination of the specific adsorption of CO 2 as a
